InSb nanoparticles with a mean particle size of 10 nm prepared by the reduction of metal salts using sodium naphthalenide at 350°C was discussed in terms of its electrochemical, ex situ X-ray diffraction ͑XRD͒ and transmission electron microscopy ͑TEM͒ characterizations. Ex situ XRD and TEM results revealed the progressive formation of extruded In from InSb, followed by the formation of Li 3 In 2 and In 3 Li 13 with a lithium alloy process. In addition, it was observed that Li 2 Sb and Li 3 Sb were formed as a result of the decomposition of InSb. During lithium dealloying, Li 3 Sb and In 3 Li 13 were returned to Sb and In, respectively. Nanosized InSb particles showed a charge capacity of 590 mAh/g from the first-charge capacity of 670 mAh/g after 30 cycles, leading to a cycle retention ratio of 86%. This value was far superior to its bulk counterpart, which showed only a 48% capacity retention ratio after the same cycles. The improved capacity retention of the nanosized InSb was due to significantly decreased particle pulverization, compared to the bulk counterpart. Recently, several research groups have focused on searching for antimony-based compounds with the possibility of lithium-ion intercalation into their open structures.
Recently, several research groups have focused on searching for antimony-based compounds with the possibility of lithium-ion intercalation into their open structures. 1 As these lithiated electrodes exhibit good electronic conductivity at all states of charge, low cell resistance and fast lithium diffusion within the metal lattice is expected.
Depending on the M metal in MSb compounds, different lithium reactions can occur. In the case of Zn 4 Sb 3 , 2 Zn 4 Sb 3 electrodes while cycling showed that several lithium-containing compounds, including LiZnSb, Li 3 Sb, and LiZn, formed during the insertion of lithium into Zn 4 Sb 3 , according to the following reactions Zn 4 Sb 3 + 3Li + 3e − → 3LiZnSb + 3Zn
LiZnSb + 2Li + + 2e − → Li 3 Sb + Zn Zn + Li + e − → LiZn However, CoSb 3 3 did not form a lithium-intercalated phase, and a Li reaction at the completely discharged state can be written as follows CoSb 3 + 6Li → 3Li 2 Sb + Co CoSb 3 + 9Li → 3Li 3 Sb + Co Instead, the irreversible decomposition of the solid to noncrystalline cobalt and Li 3 Sb alloy takes place during the first discharge, and the reversible extraction of lithium from the alloy with antimony may possibly occur in further cycles. This is likely related to the following alloy formation-decomposition processes 3Li 2 Sb + 3Li ↔ 3Li 3 Sb Ag 3 Sb, in which silver and antimony are both electrochemically active toward lithium, was studied by Vaughey et al. 4 They suggested that two discrete reactions take place. The first of these is a displacement reaction in which lithium replaces Ag in the Ag 3 Sb structure in a two-step process between 0.9 and 0.7 V and forms Li 3 Sb via Li 2 AgSb, and the second is the reaction of lithium with the extruded silver between 0.2 and 0.0 V that forms Li x Ag compounds. Although Li/Ag 3 Sb cells lose their capacity rapidly if the Ag 3 Sb electrodes were cycled over a wide compositional range ͑1.2-0.0 V͒, an improvement in cycling stability can be achieved by restricting the voltage range within a stable lithium-ion-conducting Li 3 13, 14 and by metallorganic vapor-phase deposition. 15 All of these reactions require a high processing temperature, a high posttreatment temperature, or involve organometallic precursors. Some require extreme airless conditions. Li et al. developed a solvothermal self-reduction synthesis method for InSb nanocrystals. 16 They synthesized InSb of 51 nm at 300°C for 12 h, according to the following reaction In + SbCl 3 → InSb Ballmilling has also been widely used for other types of antimonides with the aforementioned anode materials. However, asprepared powders showed wide distribution of particle size, thus showing rapid capacity fade upon cycling. Sarakonsri et al. reported a solution route synthesis at room temperature, according to InCl 3 + SbCl 3 + 3Zn → InSb + 3ZnCl 2 . 17 However, its X-ray diffraction ͑XRD͒ pattern showed unreacted Sb and In phases.
The present paper reports a simple synthesis for obtaining crystalline InSb nanoparticles with a particle size of ϳ10 nm via a metal chloride reduction that utilizes a sodium naphthalenide reduction at 300°C. Furthermore, in contrast to previous studies that reported structural changes within two cycles, electrochemical and structural characterizations out to 30 cycles are investigated using XRD and transmission electron microscopy ͑TEM͒.
Experimental
Synthesis.-InSb nanoparticles were synthesized in a modified sodium naphthalenide reduction method as described in the literature. 18 Thus, 2 g of chunk sodium was dissolved with 1 g of naphthalene in 100 g of Tri͑ethylene glycol dimethyl ether͒ solvent and 1.105 g of InCl 3 ͑98%, Aldrich͒ and 1.14 g of SbCl 3 ͑99%, Aldrich͒ were added into the solution under a purified Ar atmosphere. The mixed solution was refluxed at 300°C for 2 h and cooled to room temperature under a purified Ar atmosphere. After cooling to room temperature, the solution was rinsed with water six times to remove the NaCl and unreacted naphthalenide dissolved in the solvent and was centrifuged at 4000 rpm to remove the precipitates. Residual carbon content in the InSb nanoparticles was below 0.1 wt %, based on a carbon, hydrogen, sulfur ͑CHS͒ analyzer. Finally, the precipitates were vacuum-dried at 80°C for 12 h. Bulk InSb was purchased from Aldrich Chem.
Characterization.-The electrolyte for coin-type half-cells ͑2016R type͒ was 1.05 M LiPF 6 with ethylene carbonate/diethylene carbonate/ethyl-methyl carbonate ͑30:30: 40 vol. %͒ ͑Cheil Industries, Korea͒. The coin-type half-cells were cycled at a rate of 0.2 C ͑1 C = 800 mA/g͒ between 0 and 2 V. The electrode was composed of 80 wt % of the active material, 10 wt % of the poly͑vi-nylidene fluoride͒ binder, and 10 wt % Super P carbon black. In addition, an electrode composition consisting of 75 wt % of the active material, 10 wt % of the poly͑vinylidene fluoride͒ binder, and 15 wt % Super P carbon black was used for comparison purposes of the electrochemical properties. The Super P carbon black additive did not contribute to the total capacity because it acted only as a conducting agent. Typically, five coin-cells were tested to check the capacity variation at the same cycling condition; this value was Ͻ Ϯ 5 mAh/g. XRD patterns were obtained using Cu Ka radiation at 3 kW. Lithiated and delithiated metal alloys were sensitive to moisture, and therefore, all TEM and XRD sampling processes was done in the glove box with filled with pure Ar. Anhydrous solvents for dispersing the electrode particles used for TEM sampling, and samples were prepared by the evaporation of the dispersed nanoparticles in acetone or hexane on carbon-coated copper grids. For ex situ TEM and XRD measurements, the specimens were sealed in plastic bags within the glove box and evacuated from the glove box. The sealed bags were then placed inside a glove bag that was, in turn, sealed around the antechamber of the TEM. After the glove bag was purged with high-purity Ar gas, the specimens were removed from the plastic bags and placed on the sampler holder, followed by moving inside the antechamber. For the ex situ XRD measurement, the XRD chamber was circulated with high-purity Ar gas during the measurement.
Result and Discussion
Figures 1a and b show XRD patterns of the as-prepared InSb and as-received bulk InSb powders, respectively. All the peaks correspond to a cubic zinc blende structure, and the average crystallite grain sizes of the synthesized and bulk InSb particles were estimated to be 10 and 0.4 m, respectively, by a Scherrer equation. The small peak approximately at 30°is orthorhombic InSb with a Pmm2 space group ͑JCPDS no. 190577͒. Figure 2a displays a TEM image of the as-prepared InSb particles, showing a crystallite size of ϳ10 nm. This agrees with the estimate using the XRD pattern. A high-resolution TEM image ͑Fig. 2b͒ shows a d-spacing value of 3.7 Å, which corresponds to the d spacing value of the ͑111͒ plane of InSb. A scanning electron microscopy ͑SEM͒ image of the bulk InSb shows particles with sizes of more than several microns. Figure 3 shows the discharge and charge curves of nanosized and bulk InSb between 0 and 2 V at a rate of 0.2 C ͑ϭ 400 mA/g͒ in coin-type half-cells. During the first discharge, the smaller IR drop for the nanosized sample than for the bulk sample can be attributed to the higher surface area, which reduces the overpotential and allows faster reaction kinetics at the electrode surface. The bulk electrode shows 821 and 638 mAh/g for the first discharge and charge capacities, respectively, corresponding to a coulombic efficiency of 77%. However, the nanosized electrode shows 1638 and 670 mAh/g, respectively, corresponding to a coulombic efficiency of 41%. InSb is not an intercalated compound and decomposes into Li x M compounds upon Li reaction. Hence, it is reasonable to use Li x M compounds to calculate the theoretical capacity. For instance, the theoretical capacities of the Li 3 Sb and Li 2 Sb are 660 and 440 mAh/g, respectively, and its capacity of the Li 3 In 2 is 350 mAh/g. Although the nanosized InSb particles possess a large surface area ͑15 m 2 /g͒, which facilitates the uptake of more Li-ion than bulk InSb particles, this large surface area also leads to an unfortunately substantial irreversible capacity that is caused by a decomposition reaction with the electrolyte. While the bulk InSb particles have a cycle-retention ratio of only 44% ͑638-250 mAh/g͒, the nanosized InSb particles maintain a capacity of 480 mAh/g after 30 cycles, which represents a cycle retention of 71%. Figure 4 shows the differential curves of the nanosized and bulk InSb during the first, second, and third cycles. Except for the peak at 0.7 V in the nanosized InSb, the other peaks are very broad, compared to the bulk counterparts having very sharp peaks. These sharp peaks indicate more pronounced phase transitions of the bulk sample than the nanosized sample. This difference is because the nanosized particles consisting of the much smaller grains than those of the bulk particles did not grow into larger grains, compared to bulk particles. Similar broad differential peaks were observed in the amorphous or nanosized anode materials. 19, 20 It is known that nanosized materials can reduce the Li-ion diffusion path and the absolute volume changes upon charge and discharge cycling, which leads to an improvement of the cycling behaviors of these materials. 21 For bulk particles, however, severe pulverization and exfoliation of the active material may occur due to the large absolute volume changes, causing a rapid fade of the capacity. On an increase of the carbon black content from 10 to 15 wt %, the capacity of the nanosized electrode after 30 cycles is 580 mAh/g, and the first charge capacity was unchanged. This shows that the capacity retention is 87%. However, the bulk electrode shows a capacity retention rate of 48% under the same condition used with the nanosized sample. Thus, increasing the amount of the carbon black does not help in maintaining electrical contact between the pulverized particles in the bulk InSb. Dahn et al. reported that bulk-sized InSb showed a rapid capacity fade to 100 mAh/g from 650 mAh/g after 30 cycles between 0 and 1.3 V. However, when the electrochemical window is restricted, the capacity retention is enhanced. 8 Thackeray et al. reported that InSb particles smaller than 39 m showed a charge capacity of 250 mAh/g after only 22 cycles from a first charge capacity of 290 mAh/g between 1.2 and 0.5 V. 7 In order to investigate the detailed structural changes during the discharging and charging of nanosized InSb, the ex situ XRD patterns of the nanosized samples, shown in Fig. 5 , were investigated. Three major peaks of an InSb zinc-blende-type structure at approximately 24, 39, and 46.5°are always present during the discharge and charge. The slight shifting of these peaks to lower angles is observed as the lithium content increases. As the peaks position of the Li 3 Sb and Li x InSb are nearly superimposed, it is not possible to distinguish them from one another ͑the lattice constants of InSb and Li 3 Sb are 6.478 and 6.572 Å, respectively͒. However, the maximum Li intercalation into InSb is reported to be 0.27 mole, which corresponds to ϳ30 mAh/g. 7 Therefore, it is feasible that beyond x = 0.27, Li 0.27 InSb starts to decompose to In and Li x Sb. The first observation of the In peak at 33.5°at a discharge of 0.7 V indicates that excess Li insertion into Li 0.27 InSb results in decomposition of the Li x Sb and In phases. This result is similar to that of Hewitt et al. 7 and does not show any evidence of the formation of the Li 2 InSb phase. However, recent in situ X-ray absorption spectra of the InSb done by Tostmann et al. 22 have indicated that about x = 0.5 could be put in Li x InSb before eventual disproportionation to Li 3 Sb and Li x In occurred. This result is in accordance with the theoretical result reported by Sharma et al. 23 However, the maximum number of in- Figure 3 . ͑a͒ Discharge and charge curves of nanosized InSb particles, ͑b͒ bulk InSb particles at a rate of 0.2 C ͑ϭ 400 mA/g͒ in coin-type half-cells between 0 and 2 V, and ͑c͒ plot of charge capacity vs cycle number of ͑a͒ and ͑b͒ in coin-type half-cells with different contents of carbon blacks. Note that 10 wt % denotes that electrode is composed of 80 wt % of the active material, 10 wt % of the poly͑vinylidene fluoride͒ binder, and 10 wt % Super P carbon black, and 15 wt % denotes that an electrode composition consists of 75 wt % of the active material, 10 wt % of the poly͑vinylidene fluoride͒ binder, and 15 wt % Super P carbon black. is almost half the value obtained in Sharma et al. 23 and Tostmann's et al. 22 results. Previous XRD studies using highly crystalline bulk InSb were identified in the formation of Li z In and Li x Sb. 7, 24 However, XRD patterns of the bulk InSb while discharging and charging ͑Fig. 6͒ shows much similarity to those of the nanosized sample, in that both Li x Sb and Li z In peaks are not detected. The reasons for this are believed to be associated with the extremely divided small Li x Sb and Li z In particles at the electrode surface and the lack of any pronounced crystallization and growth of the extruded Li z In on the electrode at room temperature. 8 However, there is one distinct difference to the nanosized counterpart, which is rapidly decreasing in In peak intensities. This phenomenon may be associated with the particle pulverization. Estimated crystallite sizes after 0 V discharge and 2 V charge were 110 and 100 nm, respectively. Compared to its value before cycling, the particle size is decreased by about five times.
Returning to the XRD patterns of the nanosized electrodes, the peak intensity of the indium phase at 33.5°increases with decreasing discharge voltage to 0.3 V, but decreases again at 0 V. This indicates that the extruded indium may be transformed into Li z In phases. Upon a charge, the peak intensity of the indium phase is resurrected, indicating the formation of the In phase. However, with further lithium dealloy, at 2 V, the In peaks in the nanosized electrode almost disappear, implying a lack of pronounced crystallization of In phase from Li z In phase. A similar trend is observed in the bulk electrodes, but both indium peaks at 33.5 and 36.2°are even more distinct than the nanosized ones at the 0.7 V charge. This difference is believed to be due to the particle size difference, and the disappearance of the In phase at a 2 V charge in the bulk may be associated with the pulverized In particle due to the large volume change as discussed above.
In addition, it should be noted that the peak at ϳ24°shifts slightly to a higher angle, indicating a contraction of the lattice constants and possibly the formation of a Sb phase. As with the XRD patterns of the nanosized electrode, those of the bulk counterpart do not show the peaks of the Sb phase ͑Fig. 6͒. The crystallites in the pristine nanosized InSb powder were found to have a mean size of ϳ10 nm, but after a 0 V discharge, the average crystallite size slightly decreased to ϳ7 nm. In order to investigate the possible formation of Li x InSb, Sb, Li z In, and Li x Sb phases, TEM analyses of the discharged ͑alloyed͒ and charged ͑dealloyed͒ samples were carried out using nanosized InSb electrodes after discharging and charging the cells at specific voltages. Figure 7 shows TEM images after the samples were discharged to 0.7 and 0 V. At 0.7 V ͑Fig. 7a and b͒, In, Li 3 In 2 , and Li 2 Sb phases are not observed in the XRD patterns. Based on ex situ XRD and TEM results, the In phase starts to react with lithium at ϳ0.7 V. A similar result was reported in an in situ X-ray absorption spectroscopy result. 22 At 0 V ͑Fig. 7c and d͒, more lithiated Li 3 Sb and In 3 Li 13 phases are observed. In particular, direct evidence of the formation of the In 3 Li 13 phase has not been reported. Thus, the lithium reaction mechanism during first discharge can be proposed as follows
This reaction agrees with that of Hewitt et al. 7 After charging to 2 V ͑Fig. 8͒, the TEM image in Fig. 8a and the selected-area diffraction pattern ͑SADP͒ ͑Fig. 8b͒ reveal that the lattice fringes of the Sb and In phases are observable; therefore, the mechanism of InSb with a Li ion under initial charging is proposed as follows InLi z + Li 3 Sb → In + Sb Tostmann et al. 22 reported that, at the top of the charge ͑1.2 V͒, In 0.6 Sb phases were proposed to be formed instead of Sb.
After three cycles, the TEM image in Fig. 8c shows that the particle morphology is similar to that of a pristine sample, indicating that particle pulverization does not occur at a significant level. SADP ͑Fig. 8d͒ shows the ring patterns of the In and Sb phases. This is consistent with the results of the first-charged sample. The lattice fringes of Sb and In in TEM images in Fig. 8e and f confirm this result. However, after 30 cycles ͑Fig. 9͒, a TEM image shows that the morphologies observed in a pristine sample and in the electrode cycled three times mostly disappear, indicating that particles appear to be pulverized during the repetitive volume changes of In and Sb during cycling. Figure 10 shows the ex situ XRD patterns of the nanosized electrodes before cycle and after 3 and 30 cycles. Broadening of the Sb peaks and formation of In phase supports the pulverization of the Sb particles and crystalline growth of In during cycling. An estimated crystallite size after 3 and 30 cycles were 5.3 and 4.2 nm, respectively. Figure 11 shows the ex situ XRD and SEM images of the bulk InSb particles after 30 cycles. Compared to nanosized InSb, it shows significantly increased peak broadening and increased intensities of In phase. Estimated crystallite size of the cycled particle is ϳ15 nm, which is a much smaller value than that of the pristine and firstcharged samples, indicating severe particle pulverization during cycling. In addition, sharper In peaks than those of the nanosized counterpart shows the faster crystalline In-phase growth during cycling. The SEM image supports XRD results, and even though the particle size and morphology cannot be distinguished, voids and cracks in the electrodes indicate the extrusion of the In or Sb particles due to a large volume change.
Conclusion
Detailed structural changes of nanosized InSb were investigated using ex situ XRD and TEM. Although XRD patterns did not show direct evidence of the formation of Li x Sb and Li z In, TEM analysis clearly showed the formation of Li 2 Sb, Li 3 Sb, Li 3 In 2 , and In 3 Li 13 phases. In addition, the formation of the Li 2 InSb phase was not observed. Instead, In, Li 3 In 2 , and Li 2 Sb were found to have formed. In terms of the cycle life performance, nanosized InSb particles showed a reduced degree of the particle pulverization compared to their bulk counterpart, resulting in much improved cycling stability. 
